One sentence summary: Our results show the diversity of Lupinus luteus root nodule symbionts in Northern Tunisia, where most of the strains are within the Bradyrhizobium canariense/B. lupini lineages, widely described as microsymbionts of Old World Lupinus; and the remaining strains belong to two minority groups never identified as L. luteus endosymbionts, one corresponding to a new clade of Bradyrhizobium and the other to the genus Microvirga. Editor: Angela Sessitsch
INTRODUCTION
The Fabaceae family of higher plants includes more than 19 700 species (Allen and Allen 1981; Lewis et al. 2005; LPWG 2017; Sprent, Ardley and James 2017) , many of which are agronomically important. Species of this family have been studied from different perspectives like the phosphorus and nitrogen availability in low nutrient soils, polluted soils phytoremediation (Falkengren-Grerup and Schottelndreier 2004) , and also from a medicinal perspective (Leporatti and Ghedira 2009) . The Genisteae tribe is currently considered to include 618 species in 25 genera (Cardoso et al. 2013) . Its centre of diversity is the Canary Islands and the Mediterranean region (Cristofolini and Chiapella 1984; Cristofolini 1997) . With around 270 species, Lupinus was considered as the largest Genisteae genus (Ainouche and Bayer 1999; Drummond et al. 2012) , and may be divided into two groups: the first group contains Old World species from the Mediterranean and North Africa and the second one includes the New World species (Naganowska et al. 2006) . More than 200 species have been reported from the New World, while the Old World comprises 13 annual species with smooth and rough seeds (Ainouche and Bayer 1999; Mahé et al. 2011) able to colonise different environments and diverse ecosystems (Sprent 2001) . This enormous diversity of Lupinus species could also reflect a large diversity of their root-nodulating bacteria.
Lupinus luteus, along with L. albus and L. angustifolius, are native Mediterranean legumes with important agronomic interest as a significant alternative to soya bean; however, their natural symbionts have been poorly studied (Lucas et al. 2015) , and especially genetic studies leading to taxonomic classification and phylogenetic placement of these microsymbionts are scarce. Lupinus, like most legumes, establishes symbiosis with nitrogen-fixing alphaproteobacteria collectively called rhizobia (Young and Haukka 1996; Masson-Boivin et al. 2009; Gyaneshwar et al. 2011; Peix et al. 2015b) , thus providing a net input of nitrogen into the ecosystems.
Lupinus species have been reported to be nodulated by fast and slow-growing rhizobia, being the latter more frequently isolated from these legumes (Pudelko and Madrzak 1996; Barrera et al. 1997; Trujillo et al. 2005; Andam and Parker 2007; RyanSalter et al. 2014; Msaddak et al. 2017) . Slow-growing bradyrhizobia that effectively nodulate Lupinus belong to Bradyrhizobium canariense and B. japonicum (Jarabo-Lorenzo et al. 2003; Velázquez et al. 2010; Stepkowski et al. 2011) , B. elkanii (Granada et al. 2015) , B. valentinum (Durán et al. 2014) and B. lupini (Peix et al. 2015a ) species. The fast-growing bacteria that nodulate Lupinus spp. have been classified within the genera Ochrobactrum (Trujillo et al. 2005) , Microvirga (L. texensis: Ardley et al. 2012, and L. micranthus: Msaddak et al. 2017) and Phyllobacterium (Valverde et al. 2005) .
Amongst the 14 described species of Microvirga genus (Zhang et al. 2009; Amin et al. 2016; Safronova et al. 2017) , only 4 are legume symbionts and were designated Microvirga lotononidis and M. zambiensis (host plant Listia angolensis; Ardley et al. 2012 , and more recently, M. vignae, nodulating Vigna unguiculata (Radl et al. 2014) .
Till now no report has been addressed to study the endosymbionts associated to L. luteus in Tunisia. Therefore, the present paper is aimed at investigating the biodiversity of rhizobial population nodulating L. luteus under different Tunisian agroclimatic conditions using a polyphasic approach.
MATERIALS AND METHODS

Bacterial strains and cultural conditions
Bacteria were isolated from naturally occurring Lupinus luteus root nodules sampled from field-grown plants of three different locations in North of Tunisia: ISP (Institut Sylvo-Pastoral)-Tabarka, Tabarka-city and Sejnane (Table 1) . For rhizobial isolation, four plants were considered for each location and 8-11 pink nodules were selected for each site. The nodules were surface sterilised for 1 min with 95% ethanol followed by sodium hypochlorite (1/4 dilution of commercial bleach) for 3 min. Nodules were then rinsed 10 times with sterile distilled water, individually crushed on sterile plates, and a loopful of nodule suspension was streaked onto yeast mannitol broth (YMB) agar Petri plates (Vincent 1970) . Plates were incubated at 28
• C until colonies were visualised, usually after 4-10 days. Single colonies were picked and checked for purity by repeated streaking on YMB medium and then maintained at 4
• C. Forty-three isolates were obtained and are listed in Table 1 . The capacity of all isolates to re-nodulate their original host plant was confirmed. Isolates were maintained in YMB containing 20% glycerol (v/v) at -80
• C for long-term storage.
Nodulation and cross-inoculation experiments
Conditions for seed germination and plant inoculation were as described by Msaddak et al. (2017 
Phenotypic characterisation
Size and morphology of colonies were assessed on YMB agar plates after 10 days of growth at 28 • C. Phenotypic characteristics as growth at different pH and temperatures, tolerance to NaCl and antibiotic resistance were assessed on YMB plates for 10 days. The generation time was determined by measuring optical density at 600 nm every 2 h for 2 days in 50 ml TY (Beringer 1974) cultures grown in 250-ml Erlenmeyer flasks shaked at 140 rpm and 28
• C. The value of generation time was deduced from the exponential growth phase. All phenotypic tests were carried out in triplicate.
DNA isolation and PCR amplifications
Genomic bacterial DNA was prepared by the alkaline lysis method as described by Baele et al. (2000) . PCR was carried out in a 25 μL solution containing DNA (5-10 ng), 2.5 μL of 10 × PCR buffer with magnesium chloride (Roche Applied Science), 10 mM of each dNTP, 10 μM of each primer, 1 μL DMSO and 1 U of Taq DNA polymerase (Roche Applied Science). PCR amplifications of recA (repair protein RecA), 16S rRNA, glnII (glutamine Msaddak et al. (2017) . Unincorporated primers and dNTPs were removed from PCR products with the NucleoSpin R Extract II (Macherey-Nagel) kit or, when needed, by gel electrophoresis followed by band purification with the same kit. Sequencing was performed externally at STAB Vida (Lisbon, Portugal).
Sequence and phylogenetic analysis
The rrs, recA, glnII, gyrB, dnaK and nodC gene sequences obtained from PCR products were checked for quality and assembled with Geneious Pro 5.6.5 software, and aligned using ClustalW algorithm (Chenna et al. 2003) with relevant sequences obtained from the GenBank database. Neighbour-joining trees were constructed with 1000 bootstrap replications using MEGA 6.06 software (Tamura et al. 2011 ) and the distances were calculated according to the Kimura two-parameter model for the different genes and for multilocus sequence analysis (MLSA) using concatenated sequences of recA, glnII and rrs or gyrB, dnaK and rrs genes. Selected gene sequences obtained in this study have been deposited in the GenBank database, and their accession numbers are shown in the phylogenetic trees.
RESULTS
Lupinus luteus nodulating bacteria in Tunisian soils
A total of 43 rhizobial isolates were obtained and purified from root nodules (13-17 isolates from each site) collected from wild L. luteus plants growing in three different areas in North of Tunisia. Soils characteristics of sampling sites are summarised in Table 1 . Major differences were found in carbonate content varying from 1.5% (Tabarka soil) to 2.1% (Behind-ISP soil), whereas electrical conductivity (EC) varied from 4 (Sejnane soil) to 11 ms/cm (Tabarka soil).
All the isolates were effective symbionts of their original host, evidenced by the formation of pink nodules and dark green leaves of the inoculated plants compared to uninoculated control. The number of nodules ranged from 3 to 10 per plant.
Phylogenetic analysis based on recA and gyrB genes
The recA gene, essential for the repair and maintenance of DNA, was amplified and sequenced for all the isolates. Previous work had showed that the analysis of recA sequences is a very resolutive tool to estimate the similarity among rhizobial strains and to predict its lineage and genus (Vinuesa et al. 2005; Durán et al. 2013; Ahnia et al. 2014; Bourebaba et al. 2016) . The analysis of recA sequences showed that 41 out of the 43 isolates were gathered in two different clades within the Bradyrhizobium genus: 26 strains affiliated to Bradyrhizobium canariense (Group I), and 15 strains to B. lupini (Group II). The Sanger chromatograms for recA sequences of the remaining two strains (LluTb3 and LluTb5) displayed sequence ambiguities. This result was similar to that obtained recently in the analysis of several isolates of L. micranthus in the North of Tunisia belonging to the genus Microvirga (Msaddak et al. 2017) . These isolates had four nonidentical recA copies which would explain the ambiguities. Then a different housekeeping gene marker, gyrB, commonly used with Microvirga species (Ardley et al. 2012; Radl et al. 2014; Veyisoglu et al. 2016) , was selected. Sequences of gyrB gene showed the affiliation of these two isolates (LluTb3 and LluTb5) to Microvirga genus (Group III, Fig. 1B ).
Multilocus phylogenetic analysis
To further analyse the phylogenetic status of the L. luteus isolates, phylogenetic trees based on housekeeping concatenated genes were performed (Fig. 2) . Genes recA, glnII and rrs were selected for Bradyrhizobium isolates because they are frequently used for taxonomy of this genus (Zhang et al. 2012) . The genes gyrB, dnaK and rrs were chosen for Microvirga isolates (Fig. 2B ) because they have been previously used with strains of this genus (Msaddak et al. 2017) and because no glnII sequences from Microvirga strains are available in databanks. The results showed that L. luteus isolates are clearly divided into four groups; three groups within Bradyrhizobium genus and a fourth group related to Microvirga. Within Bradyrhizobium clade, isolates LluI6, LluI6X, LluS2, LluS5, LluI10, LluI14, LluS11 and LluS16 were clustered with B. canariense BTA-1, and strains LluTb9, LluTb18, LluI13 and LluS10 were grouped with B. lupini USDA3051 (Fig. 2A) 
Phylogenetic analysis based on nodC gene
The symbiotic gene nodC, required for synthesis of rhizobial nodulation factors involved in legume infection signalling, was used to construct a phylogeny of the symbiotic genes of the 16 selected isolates. The corresponding tree revealed the existence of two different groups (Fig. 3) : all the Bradyrhizobium isolates grouped within the symbiovar genistearum associated to strains able to nodulate legumes of the Genisteae tribe, such as the type strains of B. lupini, B. rifense, B. cytisi and B. canariense. The second symbiovar comprised the Microvirga-related isolates LluTb3 and LluTb5, which grouped with LmiM8 sequence associated to a new possible symbiovar (sv. A), described recently for Microvirga strains from L. micranthus in the Northern of Tunisia (Msaddak et al. 2017) .
Phenotypic characteristics of yellow lupine isolates
Different phenotypic and symbiotic characteristics of the 16 selected isolates were examined. Phenotypically, all Bradyrhizobium isolates were classified as slow-growing rhizobia with mean generation times (g) between 8 and 11 h in TY medium, while Microvirga isolates were considered as fast growers, with g values between 4.6 and 4.8 in the same medium (Table 2) . Optimum growth conditions for all strains were 28 • C, pH 7 and NaCl inferior to 0.01%. All isolates were aerobic, Gram-negative and rod shaped. Colonies produced by Bradyrhizobium isolates in YMB were gummy, translucent, circular and convex with entire smooth margins, 2-3 mm in diameter after 6-7 days at 28 • C.
In contrast, Microvirga isolates generated pink, convex, smooth, mucilaginous and circular colonies of 2-3 mm in diameter after 3-4 days at 28
• C (Table 3) . Microvirga isolates tolerated temperatures up to 37 • C, pH 12 and 1% NaCl, and were very sensitive to all tested antibiotics. Bradyrhizobium isolates were not able to grow at 37 • C, pH 12 and 1% NaCl and showed some resistance to certain antibiotics, except for isolate LluS16 that was sensitive to all tested antibiotics (Table 3) . Analysis of symbiotic performance in different hosts was carried out with a selection of 14 Bradyrhizobium isolates and two isolates of Microvirga. All of the 16 isolates showed effective nodulation (red nodules and healthy green plants) with L. angustifolius, L. micranthus, Vigna unguiculata and Macroptilium atropurpureum, whereas ineffective white nodules were observed in all cases with L. mariae-josephae and V. unguiculata (yellowish plants similar to uninoculated control). Lupinus mariae-josephae nodules induced by Microvirga isolates were larger than those induced by Bradyrhizobium isolates. Ornithopus compressus was nodulated only by the Bradyrhizobium isolates (Table 2) . Overall, plant infection analysis revealed that the yellow lupine microsymbionts have a different behaviour according to whether they belong to the genus Bradyrhizobium or Microvirga (Table 2) .
DISCUSSION
At present, only limited information is available on Lupinus luteus endosymbionts. In order to increase our knowledge of the genetic diversity of rhizobial populations associated to this legume, 43 isolates obtained from field-grown L. luteus nodules have been characterised by a polyphasic approach (Vandamme et al. 1996) . Results based on recA and gyrB sequences showed that 41 isolates are affiliated to Bradyrhizobium genus and 2 to Microvirga genus. These genes have been shown very resolutive to estimate the similarity among rhizobial strains from legumes of the Genisteae tribe in the Mediterranean basin (Vinuesa et al. 2005; Durán et al. 2013; Ahnia et al. 2014; Bourebaba et al. 2016; Msaddak et al. 2017) . The Bradyrhizobium isolates are grouped with two species: Bradyrhizobium canariense (26 isolates) and B. lupini (15 isolates). We performed a more robust assessment of intraspecies diversity with several genetic markers, as shown by other authors (Konstantinidis, Ramette and Tiedje 2006; Martens et al. 2007; von Mering et al. 2007; Wu et al. 2011; Glaeser and Kämpfer 2015) . Our results showed that 12 out of the 14 Bradyrhizobium isolates are clustered with B. canariense and B. lupini species. Remarkably, the two remaining isolates LluI4 and LluTb2 occupied again a separate position between B. manausense and B. denitrificans, and could constitute a new species within Bradyrhizobium genus. These results are similar to those obtained in a biodiversity analysis of L. micranthus-associated microsymbionts in Algeria and Spain. In that study, most of the isolates belonged to B. canariense and B. lupini lineages and a minority to other Bradyrhizobium groups with very few representatives (Bourebaba et al. 2016) unrelated to the divergent isolates LluI4 and LluTb2 studied here. Several authors have also reported the isolation of endosymbiotic bacteria from Lupinus spp. related to B. japonicum, B. canariense and B. lupini species (Barrera et al. 1997; Jarabo-Lorenzo et al. 2003; Fernández-Pascual et al. 2007; Velázquez et al. 2010; Stepkowski et al. 2011; Ryan-Salter et al. 2014; Msaddak et al. 2017) . MLSA placed two of the L. luteus isolates within Microvirga genus. In this regard, it is noteworthy that endosymbionts associated to L. micrantus and also those belonging to the genus Microvirga have been found in Tunisian soils with pH higher than 8 (Msaddak et al. 2017) . These isolates shared the same marker gene sequences as the two Microvirga strains identified in this work from plants grown in soil with pH 7.5. This is in agreement with the observed effective nodulation of strains LluTb3 and LlTb5 with L. micranthus (Table 2 ). These strains shared low similarity with gene sequences of Microvirga zambiensis and M. ossetica and are resolved in a separate homogeneous group, also divergent from M. lupini, isolated from Lupinus texensis in Central Texas and Northeastern Mexico (Ardley et al. 2012; Safronova et al. 2017) . Further analyses are in progress to characterise these two isolates that could constitute probably a new species within Microvirga genus.
The phylogram of nodC sequences indicates that all Bradyrhizobium yellow lupine isolates are encompassed in the symbiovar genistearum described by Vinuesa et al. (2005) . This symbiovar includes strains able to effectively nodulate legumes in the tribe Genisteae, including the genera Lupinus, Cytisus and Retama, growing in Africa, America and Europe (Vinuesa et al. 2005; Chahboune et al. 2011; Sánchez-Cañizares et al. 2011; Guerrouj et al. 2013; Ahnia et al. 2014; Bourebaba et al. 2016) . The nodC sequences of the two Microvirga isolates described in this work are almost identical to nodC gene from Microvirga sp. LmiM8 isolated by Msaddak et al. (2017) from L. micranthus in Tunisian soils. Together, these three isolates form a highly supported monophyletic lineage (99% bootstrap support) clearly separated from available nodC sequences from other Microvirga species (M. lupini, M. lotononidis and M. vignae) . In addition, it has been observed that these isolates are unable to nodulate Ornithopus in contrast to all Bradyrhizobium isolates that, as it has been mentioned before, belong to the different well-defined symbiovar genistearum.
The limited geographic and host distribution of Microvirga symbionts, along with the fact that root-nodule symbiosis is not characteristic of the genus Microvirga as a whole (Weon et al. 2010; Safronova et al. 2017) , suggest a relatively recent evolutionary transition to legume symbiosis in this group. The presence of bacteria belonging to different genera able to nodulate the same host plant might be a result of genetic diversification and adaptation of the bacteria to both host legume and soil conditions, as reported earlier (Zhang et al. 2011; Gehlot et al. 2012 Gehlot et al. , 2013 .
Importantly, the Microvirga isolates from L. luteus (this work) and from L. micranthus (Msaddak et al. 2017) are found in alkaline soils (pH > 7.5), whereas the Bradyrhizobium isolates of the B. lupini/B. canariense lineages predominated in acid soils. Very recently, Sankhla et al. (2017) reported that stressful conditions caused by the alkaline soil of the Thar Desert of India have resulted in Vachellia (Acacia) jacquemontii being nodulated by diverse and promiscuous Ensifer species. Although yellow lupine host genotype was the main factor determining rhizobial diversity, Lemaire et al. (2015) reported that ecological factors such as soil acidity and site elevation were positively correlated with genetic variation within Mesorhizobium, indicating an interplay of host and environmental factors on the distribution of the semiarid Fynbos ecosystem in South Africa. Since Microvirga strains have also been found in arid soils from other areas (Veyisoglu et al. 2016) , the capacity to proliferate in arid soils could be an important feature for the Microvirga symbiosis with L. luteus in semiarid soils of Tunisia. Even though L. luteus Bradyrhizobium and Microvirga endosymbionts have been isolated from the same soils, it seems that strains of Microvirga are well adapted to alkaline soils, higher temperature and higher salt concentration. Regarding the other nodulating Microvirga spp. (M. vignae, M. lotononidis, M. zambiensis and M. lupini) , all of them tolerate 1% salt and have optimum growth temperatures superior to 35
• C, except M. vignae that grows better at 28 ley et al. 2012; Radl et al. 2014) as the Microvirga isolates studied in this work. In summary, our study is the first report on the characterisation of natural microsymbionts populations of L. luteus in Northern Tunisia that belong mainly to Bradyrhizobium from the B. canariense/B. lupini branch, to a novel Bradyrhizobium lineage and to the Microvirga genus. These results indicate that there is a great diversity of native rhizobia still to be discovered, among which bacteria of the recently described genus Microvirga might have a relevant ecological role. 
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Figure 3. Neighbour-joining phylogenetic tree based on nodC sequences (620 bp) of Tunisian L. luteus endosymbionts and reference strains. Filled diamonds: Tunisian Lmi isolates obtained in this work; open diamonds: Tunisian L. micranthus (Lmi) isolates described by Msaddak et al. (2017) . Bootstrap values calculated for 1000 replications and those greater than 70% are indicated at the internodes. Accession numbers from GenBank and whole genome sequencing (NCBI) databases are shown in brackets. Bar 0.05 estimated substitutions. B., Bradyrhizobium, E., Ensifer; Mes., Mesorhizobium; R., Rhizobium; S., Sinorhizobium. -, no growth; ±, weak growth (10%-30% compared to the control in YMA); +, good growth (similar to the control). Amp: ampicillin (100 μg/ml); Gen: gentamycin (30 μg/ml); Tet: tetracycline (5 μg/ml); Spe: spectinomycin (50 μg/ml); Kan: kanamycin (50 μg/ml) and Str: streptomycin (10 μg/ml). The values represent the average of two experiments with three replicates each time.
